strain is depicted in Figure 1A , and the characterization allelically excluded: when the IgH loci in these animals of the B1-8i mutation by Southern blotting before and are chosen to carry different C region allotypes and the after neo r deletion is shown in Figure 1B . The generation B cells in the peripheral blood (and also other organs; of the glD42i strain followed the same principles and see below) are stained accordingly, it turns out that most will be detailed elsewhere (Y. P.-J., S. J., E. S., K. R., B cells express the targeted allele only, even more so and D. E., unpublished data).
in the case of B1-8i than with glD42i ( Figure 2A , middle We thus had three mutant mouse strains at our disdiagrams; see also Table 1 ). Data in the next section posal that carried distinct VHDHJH gene segments in their and Table 1 show that in the case of B1-8i this correIgH loci. Since the T15i and B1-8i strains had been gensponds to the expression of V H B1-8 itself. This also holds erated by gene targeting in embryonal stem (ES) cells for glD42i (Y. P.-J. and D. E., unpublished data) . This from strain 129 (IgH a ), T15i and B1-8i mice expressed situation contrasts with that in heterozygous T15i mice, the transgenic H chains with constant (C) regions of the where approximately 60% of the cells express the wilda allotype (Taki et al., 1993; see below . the analysis of H chain expression from the two IgH of both the Ac146-reactive and unreactive cells (and essentially all cells expressing the targeted IgH allele) alleles was straightforward, because the two alleles differed by C region allotype (B1-8i, a; glD42i, b). The secexpress VHB1-8 as shown by sequence analysis of rearranged VH genes amplified from cDNA derived from ond cross involved B1-8i and T15i mice. In this case, the two mutant IgH alleles were allotypically indistinsingle cells of the various fractions (Table 1) , the differences in Ac146 staining likely result from the expression guishable, so V region markers were required for the analysis. For the T15 V H region, a monoclonal anti-idioof different light chains. Indeed, 68% of Ac146 Ϫ cells could be stained with an antibody specific for VX (Diltypic antibody is available that recognizes this structure specifically in association with most L chain V regions drop et al., 1987; Sanchez and Cazenave, 1987; Sanchez et al., 1991) , whereas this fraction was only 2% in the (Desaymard et al., 1984) . However, in the case of V H B1-8, the only monoclonal anti-idiotype recognizing this strucAc146 bright cells (data not shown). Using the appropriate anti-allotypic and anti-idiotypic ture by itself (antibody Ac146; Reth et al., 1979) fails to bind its target in association with certain L chains markers, transgene expression was assessed in peripheral blood B cells from B1-8i/glD42i, B1-8i/T15i; CT/ (unpublished data). This problem was circumvented by making B1-8i/T15i mice homozygous for the CT muta-CT, and various control mice (Figure 2 ). In the B1-8i/ glD42i mice, the vast majority (Ͼ95%) of the IgM ϩ cells tion , such that they expressed L chains of type only. Since Ac146 is an anti-idiotype raised in the blood stained for both the a and the b allotype, demonstrating expression of both IgH alleles (Figagainst the 1 chain-bearing antibody B1-8 and 1 chains are the major subtype, this provided an efficient ure 2A). In the case of the B1-8i/T15i combination the situation way to quantitate V H B1-8 expression in the B cell population of the mutant animals. This can be seen from the was similar, but there was clearly a fraction of cells (approximately one third of all B cells) that was negative analysis of peripheral blood B cells from B1-8i, a/b; CT/ CT mice for reactivity with antibody Ac146 ( Figure 2B , for the T15 idiotype ( Figure 2B ). (Taki et al., 1995) . In accord with the interpretation that the B1-8-only cells in these animals are generated early in B cell development are flow cytometric data showing their abundance already in the population of newly generated B cells in the bone marrow (45% of these cells in one particular experiment; data not shown).
To make sure that the high frequency of double pro- blood B cells. Finally, to confirm that the analysis of allotype expression by surface staining truly reflects endogenous expression of the corresponding IgH alleles the level of CD43 ϩ progenitors (Table 2) . Except fraction and is not obscured by passively adsorbed serum anti-A (which is known to consist of a mixture of B and natural bodies, spleen cells from B1-8i/glD42i mice were culkiller cell progenitors; Rolink et al., 1996) , the size of this tured in vitro in the presence of lipopolysaccharide (LPS) compartment is significantly smaller in the transgenic and interleukin-4 (IL-4) for 5 days and subsequently than the wild-type animals ( Table 2 , bottom). This is tested for cytoplasmic expression of IgM of a and b consistent with earlier data indicating rapid progression allotype. The results of this analysis ( Figure 5 ) clearly of B cell progenitors equipped with a transgenic H chain demonstrate cytoplasmic expression of both allotypes through early phases of development (Era et al., 1991) . in the vast majority of the cells.
In the present data this effect is smallest in heterozygous T15i mice. This may reflect the fact that in these animals the T15 transgene is frequently inactivated by secondary The Size of the Compartments of B Cells gene rearrangements (Taki et al., 1995) , making the corand Their Progenitors Does Not Depend responding cells dependent on productive V H D H J H joints on H Chain Allelic Exclusion in the wild-type IgH locus as in normal B cell develIn the bone marrow of the mouse, B lineage cells can opment. be subdivided into developmentally ordered subpopulaOverall, the data in Table 2 indicate efficient generations on the basis of cell surface markers. In the classifition of B cells in the bone marrow of both single and cation of Hardy et al. (1991) , early B cell progenitors double transgenic mice. As shown in Table 3 , both types express the CD43 antigen and distribute into fractions of mice also possess normal-sized splenic B cell com-A, B, C, and CЈ on the basis of other surface markers partments. Together, these results indicate that neither (Hardy et al., 1991; (Taki et al., 1993 (Taki et al., , 1995 together with the present results, it appears that different progenitor subsets. Despite substantial variations in the cell numbers, there is no indication from the results that mutant IgH loci, in which J H is replaced by distinct V H D H J H gene segments, can dramatically differ in their stability the various cellular compartments differ in any systematic way between the single and double transgenic mice.
during B cell development. The stability of the mutant loci is probably determined by their ability to serve as a The only consistent difference in cell numbers in Table  2 is seen between the wild type and all transgenics at substrate for recombination with upstream D H elements early in development, namely at the stage of DH → JH CCAG motif in this position. However, when other mutant IgH loci are also taken into consideration (Chen et joining in the wild type. As we have previously shown (Taki et al., 1995) , D H elements are frequently rearranged al. Cascalho et al., 1996) , a more complex picture seems to emerge. Thus, a large fraction ‫)%02ف(‬ of the at that stage into the T15i locus, via two "hotspots" of recombination characterized by heptameric RSS in the peripheral B cells of the animals of Cascalho et al. (1996) express V H D H J H joints modified by recombination with inserted gene. Since these hotspots are localized in the leader intron of V H T15 and its first framework region, upstream D H and V H segments, whereas we did not see a single such event in B cells from animals carrying the respectively, these secondary rearrangements (in which upstream V H genes can also be involved, presumably B1-8i mutation (Table 1) . In both cases the engineered VHDHJH joints encode the same antigenic specificity in through "tertiary" rearrangement later in development) usually inactivate the inserted VHT15 gene, allowing combination with chains, the analysis being done in both cases in mice in which the locus had been inac-VH → DHJH joining on the other (wild-type) IgH allele. In contrast, as shown by the present data, the B1-8i tivated. Therefore, the different behavior of the two mutant loci most likely relates to differences in their locus exhibits a high degree of stability during B cell development. In the case of glD42i, the situation is less molecular structures. However, none of these differences appears to provide a satisfactory explanation for clear-cut, but the significantly better exclusion of the wild-type allele by glD42i than by T15i points to the the different phenotypes. Thus, a neo r and the DQ52 element are present in the mutant locus of Cascalho et significantly higher stability of the former.
The stability of the engineered loci may well be afal., while both are missing in B1-8i. DQ52 is also missing, however, in T15i (which is unstable), and in the case of fected by the presence or absence of hotspots of recombination. Thus, the major recombination breakpoint in D42i locus stability appears independent of the presence or absence of the neo r gene in a first approximation the case of V H T15 lies in the leader intron (Taki et al., 1995) and is characterized by a RSS heptamer and adja-(Y. P.-J. and D. E., unpublished data). Further, we engineered the B1-8i allele not to contain the internal RSS cent CCAG motif (Chou and Morrison, 1993) . VHB1-8 lacks both of these structures, and VHglD42 with its interheptamer in framework 3, classically involved in the VH replacement reaction (Reth et al., 1986 ; Kleinfield et al., mediate stability possesses the heptamer but lacks the Wild type/wild type 4 1.8 Ϯ 0.3 6.6 Ϯ 1.4 2.6 Ϯ 0.4 15.9 Ϯ 4.1 6.7 Ϯ 2.4 6.9 Ϯ 2.4 B1-8i/wild type 3 1.7 Ϯ 0.2 6.1 Ϯ 1.4 1.9 Ϯ 0.1 11.0 Ϯ 0.8 5.3 Ϯ 1.4 6.5 Ϯ 1.4 glD42i/wild type 4 1.9 Ϯ 0.2 5.7 Ϯ 1.4 1.7 Ϯ 0.5 9.8 Ϯ 3.8 2.7 Ϯ 0.9 6.8 Ϯ 2.6 T15i/wild type 3 2.1 Ϯ 0. Bone marrow cells of two femora from 7-to 10-week-old mice were counted, and the size of the various fractions was calculated as described previously . 1986). This structure is still present in the mutant locus into most of the newly formed V H D H J H joints isolated from the various mutants (Chen et al., 1995 ; Cascalho of Cascalho et al., but as in the case of T15i and that of Chen et al. (1995) , it is involved only in a minority of et al., 1996) . The insertion of N sequences is known to be due to the activity of terminal deoxynucleotidyl the secondary rearrangements, if at all.
While the mechanism(s) controlling the stability of transferase (Alt and Baltimore, 1982; Gilfillan et al., 1993; Komori et al., 1993) , an enzyme which is down-regulated "knocked in" IgH loci during B cell development may thus be complex, it is important to point out that the in pre-B and immature B cells (Li et al., 1993) where receptor editing would occur. Since, in addition, DHsecondary rearrangements occurring in some of these loci largely represent an artifact of this experimental initiated secondary rearrangements of VHDHJH loci as well as "true" VH replacement reactions often involve system, in which DH elements are still present upstream of the VHDHJH joint, in contrast with the physiological deletions of substantial stretches of nucleotides, they cannot usually be distinguished from each other at the situation. These rearrangements differ from "receptor editing" as originally proposed by Tiegs et al. (1993) both sequence level with confidence, even in the absence of N nucleotide addition. Thus, while the analysis of in vivo in terms of developmental timing (as they are initiated at an earlier stage than that of an immature B cell reacting rearrangements of V H D H J H joints engineered into the J H locus of mice is not in conflict with the original concept to self-antigen, namely that of D H → J H joining; Taki et al., 1995) and mechanistically (as they are mostly, if not of receptor editing, it has not so far supported it in a straightforward way. always, initiated by recombination of an upstream D H instead of a V H element as in the classical V gene replaceOnce maintained during B cell development, an inserted productive V H D H J H on one chromosome excludes ment reaction [Reth et al., 1986; Kleinfield et al., 1986] into a VHDHJH joint). That the former is indeed the case a wild-type IgH allele almost perfectly (Taki et al., 1995; Chen et al., 1995; present data) . It is on this basis that is indicated not only by the direct demonstration of Taki et al. (1995) , but also by the insertion of N sequences the present studies were undertaken. T and B cell ratios from spleens of 7-to 10-week-old mice were determined by fluorescence-activated cell sorter analysis using FITC-145-2C11 (anti-CD3) and PE-RA3-6B2 (anti-B220). Values represent the mean Ϯ SD. N, number of mice analyzed. a 7-month-old mice.
Generation of B1-8VDJ Targeted ES Cells
Once Generated, B Cells Expressing H Chains from (in which allelic exclusion at IgH does not operate) reTo delete the neo r gene, 40 g of the circular Cre-encoding plasmid pIC-Cre newly generated B cells in the bone marrow of B1-8i/ T15i mice.
Generation of B1-8i Mice
However, we consider it likely that double producing Hardy et al., 1991) ; Ac146 the 5Ј primer, 5Ј-TGTCTATCGATTTCAGAGCC-3Ј (containing a ClaI (anti-B1-8; Reth et al., 1979); Tc54 (anti-T15; Desaymard et al., 1984) ; restriction site) and the 3Ј primer, 5Ј-GAAACTAGAACTACTCAAG and 10C5 (anti-VX; Sanchez et al., 1991) . Biotin conjugates were CTA-3Ј. This short arm of homology together with a 9 kb BamHI-XhoI revealed by PE-streptavidin (Southern Biotechnology), Cy-Chromefragment 5Ј of DQ52 (Taki et al., 1993) and containing the HSV-tk streptavidin (Pharmingen), or Texas red-streptavidin (Boehringer gene (Thomas and Capecchi, 1987) were cloned into the ClaI-PstI Mannheim). Idiotype stainings using Ac146 and Tc54 were perand XhoI sites of the pBluescriptII vector (Stratagene), respectively.
formed after washing the cells with isotonic acetate buffer (pH 4) in Subsequently, a neomycin cassette, flanked by two loxP sites (Gu order to strip Fc receptor-bound serum IgG class antibody (Kumagai et al., 1993) , was inserted into the unique XhoI site of the vector. et al., 1975) . Cells in the lymphocyte gate, as defined by forward A rearranged B1-8 V HDHJH (VB1-8) was excised as an EcoRI-BamHI and side light scatter (Fö rster et al., 1989) , were analyzed. Dead fragment from the pEVhC␥1 vector (Simon and Rajewsky, 1988) , cells were gated out by propidium iodide staining. which was originally derived from the vector pSV-V1 (Neuberger, 1983) . Blunt ends were created with Klenow enzyme, and the fragment was cloned into the HincII site of pBluescriptII. To avoid V H Cell Sorting and Southern Blot Analysis Spleen cells from B1-8i/T15i double insertion mice carrying the CT replacement events mediated through the V H -internal heptamer (Reth et al., 1986; Kleinfield et al., 1986) , we introduced a TGT to mutation were washed with isotonic acetate buffer (pH 4) and stained with FITC-Tc54 (anti-T15) and biotin-Ac146 (anti-TGC silent mutation at codon 92 (numbering according to Kabat et al. [1991] ) of the B1-8 gene through site-directed mutagenesis.
B1-8), followed by streptavidin-PE and Cy-Chrome-RA3-6B2 (anti-B220). B1-8 single and B1-8/T15 double positive B cells were sorted Subsequently, the V B1-8 fragment was released as an XhoI-ClaI fragment and subcloned into the SalI-ClaI sites of pIVhL2neo r to generby FACStar (Becton Dickinson). The purity of sorted B1-8 single and B1-8/T15 double positive B cells was 82% and 79%, respectively. ate the B1-8VDJ targeting vector.
Genomic DNA from sorted cells was prepared as described preanti-VX antibody, F. Schwenk for critical discussion, U. Ringeisen for the artwork, and G. Schmall for help with the manuscript. This viously (Laird et al., 1991) and hybridized with probe A after EcoRI digestion (Figure 1) . work was supported by the Deutsche Forschungsgemeinschaft through SFB 243, the German-Israeli Foundation, the Human Frontier Science Programme, and the Land Nordrhein-Westfalen.
LPS Culture and Cytoplasmic Immunoglobulin Staining
Spleen cells were cultured in RPMI medium (GIBCO BRL) supplemented with 10% fetal calf serum, 40 g/ml LPS, and 10% IL-4-containing supernatant (Jung et al., 1993) . Cells were recovered, Received December 20, 1996. subjected to Ficoll gradient centrifugation, and fixed with 2% formaldehyde for 20 min. Fixed cells were permeabilized with saponin
